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Abstract
Surface plasmon resonance (SPR) sensor based on reflectivity measurement has been widely studied for its convenient detection,
high sensitivity, and real-time functions. However, the resonance curves of SPR reflectivity spectrum are broad that lead to a low
detection limit (DL) and low detection resolution. In this work, Fano resonance (FR), which has an asymmetrical sharp and narrow
resonance peak, is demonstrated here to improve the DL and resolution of the plasmonic sensor. More importantly, a three-point
method is employed here to analyzed and extract the polarization information of the reflected light by replacing the conventional
intensity interrogation method. The sharp signal change of the Fano resonance realized by the designed configuration together with
the three-point method led to a significantly enhancement on the DL and the resolution of the FR-based sensor up to one order of
magnitude comparing to conventional scheme commonly used with the commercial products. Thus, the proposed sensor is of great
potential for biochemical sensing such as DNA detection in terms of measuring the refractive index change at the sensing interface.
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Introduction

Surface plasmon resonance (SPR) is an optical phenomenon
that occurs between two materials with negative and positive
real parts of dielectric constants [1], respectively. When the
parallel wave vector of incident light is matched with the
propagation constant of the surface plasmon, free electrons
on the metal surface can resonant with the incident photons
and absorb light energy, thus causing a sharp attenuation of
reflected light [2]. Due to the advantages of convenient detec-
tion, high sensitivity, and real-time functions, SPR sensors are
widely applied to chemical and biomolecular detection [3–5].
However, the performance of the conventional SPR sensors is

restricted by its broad resonance curve which corresponds to a
low resolution or detection limit (DL) of the sensors. Therefore,
to obtain a sharper resonance curve has become a research
hotspot. For this purpose, different approaches including long-
range surface plasmon resonance (LRSPR) [6], waveguide-
coupled SPRs [7], and Au-Ag bimetallic hybrid structure [8]
have been presented to achieve this goal in the past decades.

Recently, Fano resonance (FR), which is induced by the
coupling between the dark mode and the bright mode in the
resonance system, is regarded an effective way to further im-
prove the sensing performance [9–14]. In such structures, the
surface plasmon polariton (SPP) mode generated at metal-
dielectric interface and the planar waveguide mode (PWG)
formed in dielectric multilayers interact with each other
through the superposition of evanescent field. The FR is char-
acterized by an asymmetrical line shape resulting in sharp
intensity variation between resonance peak and dip. The
Kretschmann-Raether (KR) configuration with attenuated to-
tal reflection (ATR) is widely employed for building SPR
sensors [1]. By monitoring the variation of the reflectance
curve or the position of the resonance, the refractive index
changes in the sensing medium can be measured to detect
chemical and biomolecular changes. Currently, the investiga-
tions for most FR-based sensors mainly focus on intensity in-
terrogation due to the availability of miniature and low-cost
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spectrometers. However, it is suggested phase interrogation is
able to offer even lower DL since the phase response can be
more than one order of magnitude drastic than the intensity
[14–17]. It should be noted that, similar with conventional
SPR, it is proved that there should also be a drastic phase
change near the FR and how this kind of phase change contrib-
uting to the sensing performance is worthy revealing.

In general, it is necessary to measure the light intensities first
in order to retrieve the phase information. Therefore, they are
very sensitive to intensity noise of the incident waves.
Currently, phase measurement setups such as interferometry
[16–22], optical heterodyning [23–27], and polarimetry
[28–32] can be used to extract the phase information. Among
them, polarimetric setups have the advantage that it can be
applied to spectroscopic measurements based on the polariza-
tion characteristics variation of light which is much simple.
Naraoka et al. proposed the rotating analyzer method, which
adds only a rotatable analyzer to the conventional SPR appara-
tus. A linearly polarized light is incident on the sample, and the
reflectance is measured as a function of the angle of analyzer
rotation to provide a phase difference between the p-polarized
and the s-polarized reflected light [28]. Markowicz et al. intro-
duced a phase-sensitive SPR polarimetry scheme, which uses a
photo-elastic modulator to mix the polarized beam reflected by
the SPR sensor. The proposed configuration provided a much
lower detection limit to refractive index and also a wide dynam-
ic range of measurements [33]. I. Watad presented a
spectropolarimetric SPR sensor with only a polarizer and a
polarization analyzer. By measuring the reflected intensities at
different polarization angles, the phase variation can be extract-
ed through post signal-processing algorithms [32].

In this paper, a prism-metal-dielectric-dielectric-analyte
multilayer configuration is proposed for generating FR and
constructing highly sensitive refractive index sensor. It is dem-
onstrated that similar to that of conventional SPR, there also
exists a sharp phase jump near the FR which is suitable for
phase interrogation. Based on this platform, a three-point po-
larimetric method is used to analyze the FR-based sensing
performance for the first time. Profiting from the advantages
of FR, a DL of 6.2 × 10−9 RIU is predicted even under the
consideration of system noise. Such configuration is investi-
gated for DNA renaturation as well; the results show that the
DL can be enhanced up to one order.

Design Consideration and Theoretical Model

The polarimetric setup of FR is presented in Fig. 1. A colli-
mating objective converts light beam from divergent to paral-
lel through a polarizer which is 45° with respect to the p-
polarization direction. It is then incident into the multilayer
structure. The reflected beam passes through an analyzer
which orients at a specific angle corresponding to the p-
polarization direction. Since p- and s-polarization component

experience different amplitudes and phase shifts, they will
interfere with each other in the analyzer. The interference pat-
tern is collected by the spectrometer for post-processing.

We define the reflectivity R as follows:

R ¼ IP
IS

¼ RP

RS
¼ rP

rS

����
����
2

ð1Þ

where rp and rs are the reflection coefficients of p- and s-
polarization component, and φp and φs are the phase of p-
and s-polarization components. Supposing the reflections be-
tween different layers in the sensor construction are ignored,
the signal intensity I tested at output terminal is given as fol-
lows [32]:

I ¼ I0
2
⋅ 1þ tan2ψþ�

tan2ψ−1
� �

cos2Aþ 2tanψcosΔsin2A
� ð2Þ

where I0 is the intensity of white light source, A is the rotation
angle of the analyzer,Δ=φp − φs is phase difference between p-
and s-polarization components, and ψ is the azimuth angle of a
polarization ellipse of the reflected light; cosine ofΔ and tangent
of ψ can be figured out theoretically from normalized reflection
coefficients of p- and s-polarization components by the following:

tanψ ¼ rP
rS

����
���� ð3Þ

cosΔ ¼ cos −ilog
rP= rPj j
rS= rSj j

� �
þ 2nπ

� �
; n ¼ 0;�1;�2; ::: ð4Þ

In order to obtain the values respectively for I, ψ, and Δ in
Eq. (2), three measurements are used to obtain relevant infor-
mation. In three-point polarimetric method, the analyzer is ro-
tated in three different directions for three measurements. The
rotation angle of the analyzer A is oriented at − 45°, 0°, and 45°,
representing vertical, 45°, and parallel direction with respect to
the angle of the polarizer. Output signals I⊥, I45, and I‖ corre-
sponding to three rotation angles can be expressed as follows:

I⊥ ¼ I0
4
⋅ 1þ tan2ψ−2tanψcosΔ
� � ð5Þ

I45 ¼ I0
2
tan2ψ ð6Þ

I∥ ¼ I0
4
⋅ 1þ tan2ψþ 2tanψcosΔ
� � ð7Þ

According to these three equations, tangent ofψ and cosine
of Δ can be calculated by the following:

tanψ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I45
I⊥ þ I∥−I45

s
ð8Þ

cosΔ ¼ I∥−I⊥
2tanψ I∥ þ I⊥−I45ð Þ ð9Þ
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Through Eq. (8) and Eq. (9), the phase difference between
p- and s-polarization components and the azimuth angle of the
polarization ellipse of reflected light can be obtained from the
intensity measurement. Furthermore, since the polarization
parameters are acquired from the ratio of intensity, the influ-
ence of intensity fluctuation of light source can be removed
[32]. Comparing to conventional spectral measurement which
requires a reference spectrum, the extraction of the polariza-
tion functions from the intensity ratio eliminates the need to
obtain the reference spectrum in eachmeasurement andmakes
the measurement process more convenient.

The schematic diagram of the proposed FR transducer in
Fig. 1 is a typical Kretschmann configuration. Here, the config-
uration consists of five layers. The metal used in this configu-
ration is Au with refractive index nAu = 0.2184 + 3.5113i, and
the incident wavelength is assumed to be 632.8 nm [34]. When
a semi-infinite dielectric layer which employs SF10 prism with
np = 1.723 approaches the Au layer, the structure can excite SPP
modes propagating along the SF10-Au interface and provide a
broad resonance in the reflectance spectrum. Meanwhile, there
are three dielectric layers supporting PWG mode. Since the
TiO2 possesses higher refractive index (n2 = 2.3894) than its
neighborhood cytop (1.340) and sensing medium (~ 1.332)
[9], PWG modes can be formed within such three-layer struc-
ture. Particularly, the evanescent fields of the SPP and PWG
modes overlap with each other in the cytop spacer layer
resulting in mode hybridization. The thickness of Au layer is

fixed at 50 nm which leads to the deepest and narrowest SPR.
The proposed Fano resonance sensor can be fabricated through
bottom-up process. Firstly, the Au film is evaporation on the
glass substrate [35]. Then, the thick cytop layer can be formed
by using spin-coating [36]. Thirdly, the TiO2 layer is deposited
on the cytop layer [37]. Finally, the prism can be attached to the
substrate through index match oil. To analyze the fabrication
tolerance, the resonance features of both polarization functions
and reflectivity obtained for the different thickness of cytop (a–
c) and TiO2 (d–f) are represented in Fig. 2. The thickness inter-
vals of cytop and TiO2 are 5 nm and 1 nm, respectively. It can
be found that there is no signicant line shape changes due to the
thickness variation. The resonance angle shifts to large angle
with thickness increment. However, such resonance angle var-
iation does not have significant impacts on the sensing perfor-
mance in the proposed sensing scheme.

In the conventional SPR system, the noise of measurement
signals origins from many sources, such as temperature
change, mechanical instability, source strength fluctuation,
and detector noise source [15, 38–41], while in the polarimet-
ric system, the influence of intensity fluctuation is known to
be eliminated by intensity ratios in different directions [32].
Therefore, only two noise sources are considered, namely the
fluctuation of detection intensity ΔI, and the accuracy of the
rotation phase of the analyzer ΔA. Considering the influence
of two kinds of noise, the noise of tangent of the azimuth angle
<Δtanψ>min can be expressed as follows [42]:

Δtanψh imin ¼
∂tanψ
∂A

����
A¼−45°

ΔAjA¼−45°

 �

min

� �2

þ ∂tanψ
∂A A¼0° ΔAjA¼0°


 �
min

��� �2

þ ∂tanψ
∂A

����
A¼45°

ΔAjA¼45°


 �
min

� �2

þ ∂tanψ
∂I⊥

ΔI⊥h imin

� �2

þ ∂tanψ
∂I45

ΔI45h imin
� �2

þþ ∂tanψ
∂I∥

ΔI∥

 �

min

� �2

0
BBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCA

1=2

ð10Þ

where

∂tanψ
∂A

����
A¼−45°

¼ tanψ 1−tan2ψð Þ
2

∂tanψ
∂I⊥

¼ −tanψ
I0

∂tanψ
∂A

����
A¼0°

¼ cosΔ 1þ tan2ψ
� � ∂tanψ

∂I45
¼ 1þ tan2ψ

I0tanψ
∂tanψ
∂A

����
A¼45°

¼ tanψ tan2ψ−1ð Þ
2

∂tanψ
∂I∥

¼ −tanψ
I0

ð11Þ

and the noise of cosine of the phase difference <ΔcosΔ>min can be expressed as follows:

ΔcosΔh imin ¼
∂cosΔ
∂A

����
A¼−45°

ΔAjA¼−45°

 �

min

� �2

þ
 

∂cosΔ
∂A

����
A¼0°

ΔAjA¼0°


 �
min

� �2

þ ∂cosΔ
∂A

����
A¼45°

ΔAjA¼45°


 �
min

� �2

þ ∂cosΔ
∂I⊥

ΔI⊥h imin

� �2

þ ∂cosΔ
∂I45

ΔI45h imin

� �2

þ ∂cosΔ
∂I∥

ΔI∥

 �

min

� �2
!1=2

ð12Þ
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where

∂cosΔ
∂A

����
A¼−45°

¼ 1−tan2ψ

2⋅ cosΔþ 1
tanψ

� −1 ∂cosΔ
∂I⊥

¼ 1þ 3tanψcosΔ
I0tanψ

∂cosΔ
∂A

����
A¼0°

¼ −tanψcosΔ
1þ tan2ψþ 2cos2Δð Þ−1

∂cosΔ
∂I45

¼ cosΔ tan2ψ−1ð Þ
I0tan2ψ

∂cosΔ
∂A

����
A¼45°

¼ tan2ψ−1

2⋅ 3cosΔ− 1
tanψ

� −1 ∂cosΔ
∂I∥

¼ 1−tanψcosΔ
I0tanψ

ð13Þ

In the proposed system, the noise values of the rotation
precision of the analyzer in three rotation directions
<ΔA|A = -45°>min, <ΔA|A = 0°>min, and <ΔA|A = 45°>min are as-
sumed as 0.0005, and the mean noise values of the detected
intensity for three orientations between polarizer and analyzer
<ΔI⊥>min, <ΔI45>min, and <ΔI‖>min are assumed as 10
counts. Reflectivity is considered for comparison and the
noise of reflectivity <ΔR>min is represented by the following:

ΔRh imin ¼
ΔIPh i
IS

� �2

þ IP
IS2

⋅ ΔISh i
� �2

 !1=2

ð14Þ

where Ip and Is are the detected intensities with the polarizer
points in the p- and s-polarization directions, and the mean
noise values of p- and s-detected intensities are assumed as 10
counts, respectively. The equations for the polarimetric mea-
surement and reflectivity are taken from [42].

The quality of the sensor is usually judged by its perfor-
mance indicators; in this paper, DL is used as parameters to
evaluate sensor performance, which are analyzed and calcu-
lated by the modified center-of-mass algorithm [32, 42–44].
The FOM can be defined as follows:

FOM ¼ SL⋅Sθ
Ymax−Ymin

ð15Þ

Fig. 1 The polarimetric spectral
setup for multilayer structure that
generates the FR

Fig. 2 The resonance line shape features of both polarization functions and reflectivity obtained for the different cytop (a–c) and TiO2 (d–f)
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where Sθ is the angular sensitivity which is connected with the
spectral shifts of the resonance angle as a function of the
analyte RI and defined as Sθ = ∂θres / ∂ns ≌ <Δθres>min /
<Δn>min, where <Δn>min is the minimum detectable dielec-
tric change of sensing medium, <Δθres>min is the correspond-
ing SPR angle change, SL is the slope around the extreme
point and is about to (Ymax − Ymin)/FWHM, where Ymax and
Ymin are the maximal and minimal values of the corresponding
functions from the measurement spectra, and FWHM is the
full width at half maximum of that extremum. Under the con-
ditions above, the DL of the system can be expressed by the
following:

Δnh imin ¼
ΔYh imin

FOM ⋅ Ymax−Yminð Þ ð16Þ

where <ΔY>min is the noise value of the signal that is directly
measured, here Y is cosΔ or tanψ. It can be found from the
above equation that the system noise, the SL, and the noise
value of the signal are important parameters to decide the level
of DL; therefore, by optimizing the structure of the sensor and
choosing an appropriate polarization functions can enhance
the DL.

Results and Discussion

In order to obtain the optimized parameters for the proposed
configuration, the thickness of TiO2 (d2), which plays an im-
portant role in coupling between the SPP and PWG modes, is
considered firstly. Since the coupling strength between two
modes is related to their effective refractive indices, the effec-
tive refractive indices of two modes and their corresponding
angle of excitation versus the thickness of d2 are plotted in
Fig. 3. A standard equation for the propagation constant of
the SPP together with the above values of the refractive
indices yields 1.4516 for the effective refractive index real
part of the SPP mode. The propagation constant of a sur-
face plasmon βsp propagating along a planar boundary
between a semi-infinite metal with a complex permittivity

εm and a semi-infinite dielectric with a refractive index n
can be expressed as follows [45]:

βsp ¼
ω

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2εm

n2 þ εm

s
¼ ω

c
nef þ iγi
� � ð17Þ

where ω is the angular frequency and c is the speed of
light in vacuum. This equation yields a real part of effec-
tive index of 1.4516 for the SPP mode. And the effective
refractive index of the PWG mode has been calculated by
Lumerical FDTD simulation. The effective refractive in-
dices of two modes are equal at this value. The effective
refractive index of PWG mode increases with the increas-
ing value of d2 and approaches the one of SPP mode at a
thickness of 80 nm. When the two structures get close, the
evanescent fields of SPP mode and PWG mode interact
with each other, resulting in mode hybridization. Figure 4
plots the electric field distributions of the proposed struc-
ture, where the thickness of cytop and TiO2 are 800 nm
and 80 nm, respectively. The effective refractive indices
of two modes are equal at this value.

Figure 5 a exhibits the spectral curve of the reflectivity as a
function of the incident angle with d2 ranging from 60 to
120 nm. To obtain the curves, the thickness of cytop (d1) is
fixed at 800 nm. It can be seen that there is large difference in
the effective refractive index between two modes even with a
d2 thickness of 60 nm. Thus, two resonance peaks appeared on
all of the spectrograms. The effective refractive index of PWG
mode is close to that of SPPmode with increasing of d2 firstly.
The resonance peak of SPP mode remains in the same posi-
tion, while that of PWG mode is gradually moving to
larger angle at the same time. Under this condition, an
asymmetrical sharp resonance, namely FR, appears in

Fig. 4 The field distributions of the proposed configuration with when
the effective refractive indices of two modes are equal

Fig. 3 Effective indices of SPP mode and PWG mode with respected to
different TiO2 thickness
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the spectrum caused by mode coupling. With further in-
crement of the d2, the FR peak continues right-shifting
from SPP resonance dip and the resonance depth becomes
less shallow. Similar phenomenon can be found for polar-
ization functions tanψ Fig. 5b and cosΔ Fig. 5c.

To further investigate the spectrum of FR and the perfor-
mance of the sensor, the SL and sensitivity of the extreme
point for both polarization functions and reflectivity are plot-
ted as a function of d2 as shown in Fig. 6. When the steep part
of the FR spectrum is used for sensing, the slope of that part
determines the performance [10]. An optimal response for
functions means that we get the steepest slope at the extreme
point. Figure 6 a–c indicate that the SL of all functions’ ex-
treme points shifted towards to a peak value firstly and then
decreased when the value of d2 increased. For larger d2, the
coupling strength of both modes decreases, resulting in the
drastic decay of resonance. Combination with Fig. 5 and
Fig. 6, there is an interesting phenomenon that the value of

SL is not optimal when the effective refractive index of the
two modes is equal. In other words, the best coupling efficien-
cy of the two modes is not conducive to improving the per-
formance of the sensor. The extreme points of each function
have different optimal values. The minimum of cosΔ offers
the largest slope for its amplitude is twice that of the reflectiv-
ity and tanψ, then comes minimum of cosΔ for the same
reason, after that is the minimum of the reflectivity, then
comes the minimum of tanψ, and finally comes the maximum
of reflectivity and tanψ with the same degrees. Figure 6 d
exhibits the sensitivity of different functions’ extrema. It is
seen that with the increase of d2, all functions’ extrema have
nearly the same sensitivity. Compared with the conventional
SPR sensor, the sensor based on FR cannot provide better
angular sensitivity, but the SL near the extrema is sharp
enough to obtain a better DL. By evaluating the sensing per-
formance according to the conditions above, it seems that the
minimum of both polarization functions and reflectivity have

Fig. 6 The SL of the extrema of
(a) reflectivity, (b) tanψ and (c)
cosΔ, and (d) the angular sensi-
tivity of all functions on the
thickness of d2. The sensitivity of
different extreme point of a func-
tion is the same

Fig. 5 a Reflectivity, b tanψ, and c cosΔ as functions of d2 ranging from 60 to 120 nm
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preferable performance. In our calculation, the absorption loss
of TiO2 has been taken into consideration with Imag(ε)TiO2 =
8.0680 × 10–9 [46]. The resonance features of both polariza-
tion functions and reflectivity obtained for different imaginary
part of dielectric constant of cytop, Imag(ε)cytop, are represent-
ed in Fig. 7. It can be found that there is no obvious variation
within 0, 10−7,10−8, and 10−9.

In addition to the above conditions, the noise level of the
SPR signal is also an important parameter that affects the DL.
To illustrate the effects of TiO2 thickness on the polarization
functions and reflectivity, the variations of the noise respect to
the different d2 are drawn in Fig. 8. The intensity of the inci-
dent light is 24,000 counts, the rotating stage precision of
analyzer is 0.5 mdegs, and the mean intensity noise is 10
counts [42]. There is an interesting phenomenon that the noise
of the polarization functions has a strong enhancement at the
position of the resonance, and the noise decreases with d2
increment. It means that the resonance peaks of tanψ are
more easily affected by the noise if they are closer to 0.
For the polarization function cosΔ, the minima can also
be disturbed by the noise more drastically than the max-
ima. On the contrary, the noise of the reflectivity reaches
the minimum at the resonance peak and reaches the
highest at maximum. It contradicts the claim that the min-
ima of polarization functions have preferable perfor-
mance. In order to obtain the optimal function and thick-
ness of d2 for better DL, the effects of two factors above
need to be considered, simultaneously.

Figure 9 shows the DL with different thickness of TiO2

based on polarization functions and reflectivity. It can be
found when Rmin, tanψmin, tanψmax, and cosΔmin are used to
represent the sensing performance, the optimal value of d2 is
120 nm, while that of Rmax and cosΔmax are 130 nm and
110 nm, respectively. Furthermore, the advantage in detecting
FR is that we can detect two extrema simultaneously at each
measurement. In this way, the accuracy of detection can be
significantly improved in comparison to the conventional re-
flectivity measurement based on SPR where there is only one
extremum detected [31]. From the results above, it is shown
that when the system noise is taken into consideration,
cosΔmin is no longer the best choice, cosΔmax offers an opti-
mal DL, whereas Rmax provides the worst performance. The
influence of noise plays a dominant role when measuring the
DL. Also, it can be seen that the optimal thickness of TiO2 is
varied with different functions’ extrema; therefore, the inter-
rogation method can be chosen according to the achievable
thickness of TiO2 during fabrication.

Besides the waveguide layer, the thickness of spacer layer,
where the evanescent fields of two modes interact with each
other, also affects the DL of the sensor. The variation of the DL
versus the thickness of spacer layer (d1) of different functions
are shown in Fig. 10; d2 of different functions are chosen as the
optimal value corresponding to each one. It is clear that there is
an optimal thickness for sensing performance and the perfor-
mance decreases as the thickness continues to increase. The
evanescent fields’ overlap of the SPP and PWG modes occurs

Fig. 7 Dependence of resonance
line shape features of a
reflectivity, b tanψ and c cosΔ on
the imaginary part of dielectric
constant of cytop

Plasmonics



Fig. 8 Spectra of the noise a, b
<ΔR>, c, d <Δtanψ>, and e, f
<ΔcosΔ> in the polarimetric
functions reflectivity, tanψ, and
cosΔ, respectively, for different
thicknesses of the d2, using the
noise valuesΔA = 0.5 mdegs, and
ΔI = 10 counts, assuming a
spectrally constant light source
intensity of I0 = 24,000 counts

Fig. 9 DL versus the thickness of
d2 based on the different
functions’ extrema. a R, b tanψ,
and c cosΔ

Plasmonics



in the spacer layer d1, which determines the coupling strength.
A thicker coupling layer results in a weaker coupling.
According to our calculation, the optimum thickness of cytop
for Rmin, Rmax, tanψmin, tanψmax, and cosΔmin is 700 nm, while
that for cosΔmax is 800 nm. The corresponding DLs based on
different polarization functions and reflectivity are summarized
in Table 1. The optimized DL of Rmin, Rmax, tanψmin, tanψmax

cosΔmin, and cosΔmax are 6.21 × 10−8, 1.75 × 10−6, 3.71 ×
10−8, 7.20 × 10−9, 6.20 × 10−9, and 8.50 × 10−9, respectively.

In the field of biosensing, how to detect DNA hybridization
is a crucial step. The complicated functionalization process
has been a challenging area. Tikhomirov et al. employed a
one-pot process that could synthesize bright, stable CdTe
nanocrystal quantum dots functionalized with DNA.
Mercaptopropionic acid (MPA) was used as a co-ligandto
passivate sites left open by the DNA. The DNA ligands here
consisted of three domains: a quantum-dot-binding domain
featuring phosphorothioate linkages within the backbone; a
spacer containing phosphodiester linkages; and it is worth
noting that a DNA-binding domain also composed of a se-
quence with phosphodiester linkages. This unbound part of
the DNA ligand can be used for specific binding to comple-
mentary segments from different points [47]. Li et al. propose
a biosensor based on optical bistability in a biological semi-
conductor quantum dot (SQD)-DNA coupled nanohybrid.

With its size-dependent, bright, and stable fluorescence prop-
erties, SQD is often used as a tool for studying many biolog-
ical and biomedical problems such as bioimaging,
photothermal therapy, and targeted drug delivery. When

Fig. 10 DL versus the thickness
of d1 based on the different
functions’ extrema. a R, b tanψ,
and c cosΔ

Table 1 Optimized parameters of proposed structure with different types of extrema corresponding DL

Type of extreme point Rmin Rmax tanψmin tanψmax CosΔmin CosΔmax

Optimum thickness of d1 (nm) 700 700 700 700 700 800

Optimum thickness of d2 (nm) 120 130 110 120 120 110

DL (RIU) 6.21 × 10−8 1.75 × 10−6 3.71 × 10−8 7.20 × 10−9 6.20 × 10−9 8.50 × 10−9

Fig. 11 The structure diagram of improved sensor structure used to detect
DNA hybridization

Plasmonics



SQD is strongly coupled with DNA molecule, the vibrational
mode of DNA molecule has a great influence on SQD energy
level. In addition, optical bistability is highly sensitive to
DNA molecular length, DNA concentration, and DNA-
DNA coupling strength [48]. Renaturation is a process in
which single-stranded DNA (ssDNA) can reformulate hydro-
gen bonds between complementary strands of ssDNA, which
allowed it to reform double-stranded DNA (dsDNA) structure
[49]. Here, the DNA hybridization process can be overcome
by using label-free detection involving linker layer to replace
conventional targeted DNA sequence [50]. The improved sen-
sor structure used to detect DNA hybridization is shown in
Fig. 11, in which the metal thickness is fixed at 50 nm, and the
thickness of cytop and TiO2 are 700 nm and 80 nm respec-
tively, which makes the SPPmode and the PWGmode strong-
ly coupled to facilitate detection of DNA hybridization.
Silanes of 1 nm is sandwiched between TiO2 and DNA as a
connecting layer with a refractive index of 1.42 [51]. The
connecting layer and DNA are arranged in an aqueous solu-
tion. Conversion between dsDNA and ssDNA is described by
the refractive index of the dsDNA-ssDNAmixture at different
percentages obtained by the Lorentz-Lorenz mixing rule given
as follows [52]:

n2ab−1
n2ab þ 2

¼ ϕa
n2a−1
n2a þ 2

� �
þ ϕb

n2b−1
n2b þ 2

� �
ð18Þ

where na and nb are the refractive index of ssDNA and dsDNA
respectively, which are 1.456 and 1.53, and nab is employed to
represent the refractive index of ssDNA-dsDNA mixture. φa

and φb are volume fractions of ssDNA and dsDNA. After

rearrangement, the refractive index of the dsDNA-ssDNA
mixture can be given as:

nab ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2a þ 2ð Þ n2b þ 2ð Þ þ 2 ϕa n2a−1ð Þ n2b þ 2ð Þ þ ϕb n2a þ 2ð Þ n2b−1ð Þ½ �
n2a þ 2ð Þ n2b þ 2ð Þ− ϕa n2a−1ð Þ n2b þ 2ð Þ þ ϕb n2a þ 2ð Þ n2b−1ð Þ½ �

s

ð19Þ

In the renaturation process, the resonance spectrum and
sensitivity of polarization function are detected firstly.
Resonance changes of renaturation of different functions are
drawn in Fig. 12a–c. Formation of dsDNA will alter the re-
fractive index of the ssDNA-dsDNA mixture. By observing
the resonance spectrum as a function of refractive index, the
ratio of ssDNA and dsDNA in mixtures can be detected to

Fig. 12 The variation of
resonance spectra of a reflectivity,
b tanψ and c cosΔ with DNA
renaturation. The red arrow
indicates the DNA renaturation,
in which the change of percentage
renaturation of ssDNA is 10%
each time. d The angular
sensitivity of all functions versus
the percentage renaturation. The
sensitivity of different extreme
point of a function is the same

Fig. 13 DL of different extreme points of a function versus the
percentage renaturation of ssDNA
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estimate the hybridization process of DNA. Sensitivity of the
proposed Fano resonance sensors with different functions is
plotted in Fig. 12d; careful comparison leads to the conclusion
that there is not much difference in the sensitivity of different
functions.

Considering the influence of noise on the sensing perfor-
mance, Fig. 13 shows the DLs of different functions during
the DNA renaturation. Obviously, with the progress of DNA
renaturation, ssDNA is converted to dsDNA and the DL of the
sensor decreases gradually. Meanwhile, the polarization func-
tions have better DL than reflectivity. When DNA renatur-
ation reaches 100, ssDNA is completely converted to
dsDNA; the sensor has a lowest DL with the function of
cosΔmin, which can reach 2.1 × 10−9. The function of
cosΔmax, tanψmax and tanψmin has similar DLs, about 4.0 ×
10−9. At the end is Rmin whose DL is 1.5 × 10−8, which is an
order of magnitude larger than the polarization functions. The
result of simulation is the same as the conclusion in this paper.

For comparison, the performances of previously reported
optical label-free DNA sensors are summarized in Table 2.
There is an obvious enhancement on detection limits in the
proposed polarimetric sensor.

Conclusions

In this paper, a hybrid structure consisting of SF10 glass, Au
layer, cytop spacer layer, TiO2 waveguide layer, and sensing
medium is proposed to generate strong and sharp Fano reso-
nant signals. Specifically, the angular three-point measure-
ment method is employed and demonstrated for the first time
to explore the FR-based sensing performance. Two polariza-
tion functions (tanψ and cosΔ) and reflectivity (R) are ana-
lyzed and compared to evaluate the system performance. It is
shown that when the system noise is taken into consideration
in the configuration, the optimized sensor is different from the
noise-free one. According to the analysis, the lowest DL up to
6.20 × 10−9 RIU can be obtained by using polarization func-
tion cosΔmin as the interrogation object. Renaturation of DNA
is simulated to confirm the research we propose. The results

are consistent with our study that the polarization functions
have a lower DL. Thus, we believe that the proposed FR-
based sensor can be a promising and useful platform in the
areas of biochemical sensing.
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